The dictionary definition of stability as ''Firmly established, not easily to be changed'' immediately indicates the conflict between stability and maneuverability in aquatic locomotion. The present paper addresses several issues resulting from these opposing requirements. Classical stability theory for bodies moving in fluids is based on developments in submarine and airship motions. These have lateral symmetry, in common with most animals. This enables the separation of the equations of motion into two sets of 3 each. The vertical (longitudinal) set, which includes motions in the axial (surge), normal (heave) and pitching directions, can thus be separated from the lateral-horizontal plane which includes yaw, roll and sideslip motions. This has been found useful in the past for longitudinal stability studies based on coasting configurations but is not applicable to the analysis of turning, fast starts and vigorous swimming, where the lateral symmetry of the fish body is broken by bending motions. The present paper will also examine some of the aspects of the stability vs. maneuverability tradeoff for these asymmetric motions. An analysis of the conditions under which the separation of equations of motions into vertical and horizontal planes is justified, and a definition of the equations to be used in cases where this separation is not accurate enough is presented.
INTRODUCTION
Understanding of the modes of fish swimming, and the wide variety of morphological adaptations for different ecological niches resulting from these, require a knowledge of the dynamic interactions between fish and water. These interactions include the forces and moments acting as a result of the three components of linear velocity, as well as the three components of angular velocity of the various fins and body sections relative to the water surrounding them. A neutrally buoyant fish moving at constant speed in a straight line, has, by definition, instantaneous perfect balance between all the forces and moments acting on it. If there were any imbalance, a linear, or rotational acceleration would be observed due to Newton's law. However, this balance is not enough to continue the motion unchanged, as the aquatic environment includes many nonuniformities and disturbances, which cause the flow-field around the fish to have random perturbations. In addition, due to morphological constraints, most propulsive motions result in forces and couples that are not perfectly aligned with the desired motion, this leading to extraneous forces and moments. Thus, one also needs to look at the stability: i.e., will a random or forced perturbation in the conditions surrounding the fish result in forces, or couples that will tend to increase the perturbation (i.e., the fish is unstable), or will these emerging forces tend to reduce the perturbation and return the fish to its original state (stable). This description of stability immediately leads to the tradeoff between stability and maneuverability and the reason for using the term ''versus'' in the title of this paper.
If a certain configuration is stable, it will require substantial directed forces to change. Applying these forces requires expenditure of extra energy. This extra cost makes sudden maneuvers costly, and time consuming (as the velocities have to build up). However, an unstable configuration only needs a slight perturbation to shift away, as the water resistance forces on the body shape ''help'' the shift, thus making rapid maneuvers easier. The energy cost tradeoff is therefore between the energy required to keep an unstable configuration on a fixed trajectory and that of causing a stable configuration to change. In a different perspective, the tradeoff is between energetically costly recoil motions during routine motions versus work required to perform maneuvers, with different species opting for various compromises. Stability of motion is a major issue in aircraft and seacraft, and has resulted in a voluminous literature. As an extreme example, an entire book has been written on the development of the equations of motion of aircraft (Boiffier, 1998) with emphasis on the stability. Recalling that the aircraft studied are rigid bodied and symmetric around the longitudinal axis, while fish are (mostly) flexible and have no symmetries while maneuvering, one can understand the magnitude of the task involved in analyzing the stability of fish motions.
The field of stability analysis of fish and other aquatic creatures can be divided into two areas with very different characteristics-those of hydrostatic, and hydrodynamic stability. Hydrostatic stability deals with the forces and moments produced on an unmoving submerged object due to buoyancy forces, when perturbed from a given orientation, while hydrodynamic stability includes the study of moving bodies, thus including hydrodynamic forces in addition to the gravitational effects of buoyancy.
The aerospace literature has one more distinction, between what is called ''static'' as compared to ''dynamic'' stability. These terms both deal with what we have just defined as hydrodynamic stability, the static Forces and moments on a swimming fish: B, T, D and W are the buoyancy, thrust drag and gross weight contributions to the force balance, L, M, and N are the rolling, pitching and yawing moments respectively. P, Q and R are the angular velocity components in roll, pitch and yaw. The linear velocity components in the body coordinates x, y, z, are u, v, w respectively, and ␦ is the angle of climb, relative to the horizon.
case being stability of a body moving at constant linear forward speed (cruising) to perturbations, while dynamic stability covers maneuvers. This distinction is useful as the cruising case can be highly simplified mathematically in comparison to maneuvers, which require not only more complicated mathematics, but more significantly, many more experimental parameters, as inputs. These are frequently not available and very difficult to measure individually. This paper deals with the tradeoff between stability and maneuverability of moving fish, mainly in the horizontal plane, so that the emphasis will be on hydrodynamic stability. Before going on, a brief summary of hydrostatic stability will be given, to emphasize the differences. Hydrostatic stability is mainly relevant for neutrally buoyant bodies. This is also of interest in marine engineering and dirigible aerodynamics, and is based on the assumption that the body as a whole is not moving, both at the start and end of the period of interest. Stability is thus defined by the relative positions of the center of mass and center of buoyancy, i.e., a resting position is stable when the center of buoyancy is above the center of mass. This condition is a sufficient condition for submerged bodies. For bodies on the interface between water and air, where the center of buoyancy is, by definition, below the center of mass, an additional factor has to be taken into account, that of the relative motion of the centers of buoyancy and mass during a perturbation. Thus, when a floating body is tilted, the condition for stability is that the lateral displacement of the center of mass is proportionally less than the displacement of the center of buoyancy, making top-heavy configurations less stable. Figure 1 , from Weihs (1993) , shows the two cases of fully and partly submerged bodies.
The first real attempt to examine hydrodynamic stability in fish was made by Harris (1936 Harris ( , 1938 , who in a pair of papers extraordinary for their time, examined the stability and maneuverability characteristics of a rigid dogfish model, using a wind tunnel to determine the coefficients of the equations of motion. Except for Aleyev (1977) , no further work in this area was found when the author started looking at this subject in the late '80s (Weihs, 1989 (Weihs, , 1993 . More recently much more attention has been directed to this important issue, but as most of the contributors are present at this symposium, this literature review is not continued. Most of the work found deals with longitudinal static (in the aerospace sense) stability. In this paper we will look at some issues rising from considerations of lateral stability.
FORCES AND MOMENTS ON A SWIMMING FISH
The forces and moments on a rectilinearly swimming, stretched straight, fish were described in detail in Weihs (1993) , and appear in many fluid mechanics textbooks, and so will not be developed here from first principles. They will briefly summarized here, with special attention to the special issues specific to fish motions, in which the body is flexible and has instantaneous non-symmetric shapes. We also emphasize the unsteady effects resulting from the large amplitude oscillatory motions, which do not exist in aircraft and seacraft and so were not examined in the textbooks previously mentioned.
The contributions to the forces and moments (couples) on a moving fish can be written in a general form aṡ
Where F ជ are forces, M ជ are the couples (moments), m is the virtual (real plus added) mass component, I is the virtual (real plus added) inertia, U ជ is the linear velocity and is the rotational velocity. The dot stands ជ for a time derivative and the dummy indices i, j stand for the three directions x, y, z (horizontal longitudinal and lateral, and vertical) respectively. , k stand for pitch L, yaw M, and roll N moments respectively (see Fig. 2 ). The virtual mass comprises the sum of the actual mass, and the added mass (Lighthill, 1970) , which is related to the water dragged with the fish as it moves.
In more explicit termsẊ
In these equations, X, Y, Z and U, V, W are forces and linear velocity components in the body coordinates x, y, z, respectively, the subscript h stands for hydrodynamic force, B, T and W are the buoyancy, thrust and gross weight contributions to the force balance, L, M, and N are the rolling, pitching and yawing moments respectively. P, Q and R are the angular velocity components in roll, pitch and yaw, the dot indicates a time derivative, and I jj (j ϭ x, y, z, respectively) are the moments of inertia.
Equations (2) and (3), which are written in compact and simplified form (for fuller presentations see Boiffier, 1998, for example), are indicative of the extreme difficulty in getting enough accurate data for a full solution. This is even before one tackles the problem of solving the equations themselves. Solutions of such complex equation sets are extremely difficult numerically, assuming the coefficients (virtual mass and inertia) are accurately defined. In the present case, due to the innate variability of biological systems, the coefficients can only be defined within a range. Such equation systems usually have more than one solution possible (actually this is one way of looking at stability, as a shift from one possible solution of the equation system to another) and the preferred solution is a sensitive function of these parameters.
This problem is further complicated by the fact that several of the coefficients vary during a maneuver. In Weihs (1993) this problem was avoided by looking only at small perturbations of a symmetric configuration-the stretched straight fish. If we want to examine turning, say, each of the stages will have different, time dependent, values of these coefficients, including several (those with mixed indices) that vanish identically if the fish has one or more planes of symmetry. Thus the equation set (2-3) has mainly qualitative value, so that one can check that all contributions are accounted for, estimate their relative magnitudes, and to serve as the basis for ''educated estimates.''
BCF (BODY AND CAUDAL FIN) SWIMMING

Straight line swimming
We start the analysis of BCF swimming by asking about the implications for stability and maneuverability of having the thrust produced mainly towards the caudal end. Recalling that the fish, in most cases, is a non-rigid body, this immediately results in a destabilizing moment in the yawing direction.
To understand this, visualize a dead fish pushed from behind. Unless frozen rigid, it will flop sideways in yaw and some roll and end up being dragged tilted backwards. On the other hand, if the propulsor were at the anterior end, this effect would not exist and the dead fish we mentioned would be dragged along in the desired direction. This was actually the method of choice for measuring drag for many years. The fish body will oscillate in what is known as the ''flapping flag'' instability, i.e., lateral waves will run towards the caudal end. But these are limited in amplitude, and in the sense that they do not change the average motion of the fish body, are stable.
What have we learned from this basic thought experiment?
BCF swimming is basically unstable in yaw! Energy, through recoil motions of body and fins, must be applied to enable even straight, forward swimming. This seemingly wasteful property would not have developed and been maintained during evolutionary processes, if there were no ''redeeming'' advantages. It is interesting to note here that cephalopods use fins in forward and rearward swimming, thus applying ''pulling'' forces, at least in some cases.
There are several advantages to caudal locomotion. First and foremost, maneuverability in yaw is greatly enhanced. As mentioned in the Introduction, lack of stability leads to maneuverability. This is important for both chasing and evading maneuvers.
Second, the head, with its sensory apparatus, is moving in undisturbed water, simplifying the collection of visual, pressure and chemical data.
The third advantage is a secondary characteristic (which is, however, of great importance), i.e., the possibility of increasing efficiency by having the propulsor move in an environment of slower relative velocity (i.e., retrieving some of the energy lost in the fish body boundary layer). The double and multiple tail effect (e.g., Weihs, 1989) where the wake from the dorsal and anal fins interacts with the caudal fin, to improve the propulsive efficiency, is one aspect of this advantage.
The amplitude of motion in essentially all BCF swimmers increases towards the caudal end. The main force is produced by the caudal fin, especially in the case of lunate tail swimmers. Thus we look first at tail force production, which is, according to hydrodynamic theory, a function of speed squared, the angle of attack and fin characteristics. Assuming that the fin does not change shape during each quarter of the propulsive cycle we can write the force as FIG. 3. The Wagner effect. As the hydrofoil starts moving at speed U, while tilted, two equal and opposite vortices V 1 and V 2 are produced, at the leading edge, and trailing edge of the hydrofoil, respectively. The leading edge vortex V1 remains attached to the foil, but the trailing edge vortex V 2 is swept downstream, so that its effect on the airfoil is reduced in time, allowing the lift, produced by the ''bound'' vortex V 1 to grow.
where ␤ is the Wagner (Wagner, 1925) factor described below and in the Appendix, is the density of the water surrounding the fish, U is the instantaneous speed of the fin relative to the water, A is the fin area, c L␣ is the lift curve slope and ␣ is the instantaneous angle of attack, measured between the fin surface and the instantaneous direction of motion. The lift curve slope is a hydrodynamic quantity that represents the lift producing capability of the fin, based on its geometry. It is based on the fact that lift is linearly dependent on angle of attack for angles up to the stalling angle, which is usually within the range of 15-30 degrees. A bigger lift curve slope enables production of more lift at given fin area and speed, and thus is a preferred factor in the design of hydrofoils. It is larger for high aspect-ratio fins, and thin fins with rounded leading edges. This equation is in general form, but when the fin shape is assumed constant, A ϭ Const. and when the fin profile does not bend or flex c L␣ is constant. (In clupeoids, for example, both A and c L␣ can vary during the cycle as the caudal fin is furled and unfurled, and changes camber.) Otherwise, experimental data is required to establish the exact form of A(t) and the periodic variations in camber resulting in corresponding changes in c L␣ , during the maneuver.
The Wagner function ␤(t) describes the gradual growth of lift after a sudden change in angle of attack, speed or shape, obtained by assuming that this is a step change. The value of this function is 0.5 Ͻ ␤ Ͻ 1 (Wagner, 1925) . The initial value of lift is one-half that of the steady state, asymptotically reaching the full steady lift force. This form of describing the unsteady lift production is mainly important for maneuvers, which are not periodically repeated. A similar function was developed by Theodorsen for periodic motion. The full mathematical forms of these two functions, and proofs of their accuracy appear in most advanced aerodynamics textbooks, such as Robinson and Laurmann (1956) .
A simple analysis of the flow physics is presented (for the two dimensional case), in Figure 3 . This figure shows top views of a fin, abruptly starting to move at speed U and angle of attack ␣. The water displaced by the moving fin is forced around the leading and trailing edges of the fin, but because of the small radius of curvature at these edges, the flow separates, producing two counterrotating vortices, initially of equal strength. As the fin continues moving, viscosity starts to influence the flow next to the fin surfaces producing boundary layers with zero relative velocity on both surfaces. The direction of motion, and the small angle of attack results in the boundary layer developing towards the trailing edge. As the speeds at the trailing edge are thus now equal (both zero), no further separation occurs at the trailing edge and the vortex originally formed there is left behind, at a gradually growing distance from the instantaneous position of the wing.
Thus, the trailing edge starting vortex effect on the wing diminishes, as the speeds induced by a vortex decrease inversely with distance. The total circulation on the fin thus gradually grows to twice the initial value, i.e., the Wagner coefficient grows from ½ to 1. A simple analytic model of this process appears in the Appendix.
Equation (4) is written in scalar form, describing the magnitude of the force, but the direction the force acts in needs also to be established. In steady motion the lift is perpendicular to the direction of motion of the fin, but as the angle of attack and speed are changing in the oscillatory motion typical of BCF swimming, this direction is varying also. In steady flow, the ''lift'' circulatory force, as defined by equation (4), is obtained by the vector sum of the pressure difference over the two sides of the fin, which is perpendicular to the fin surface, and the leading edge suction force F s (Robinson and Laurmann, 1956; Yates, 1983) , which is parallel to the surface. For both steady and time dependent flow, this force can be shown to be proportional to the instantaneous angle of attack and speed squared (Robinson and Laurmann, 1956) 2 2
s Here c is the hydrofoil (fin) chord and the minus sign indicates that the force is opposed to the direction of the flow speed (i.e., thrust, or as it is called in the aeronautical literature-''leading edge suction''). The only difference is that the time dependence appears as the instantaneous values of speed and angle of attack. Thus, when a fin is pitching, the time it takes for a given fluid ''particle'' to move from the leading edge to the trailing edge results in a different angle being sensed at the leading edge and for the flow moving across the body. This can be understood by recalling that for a hydrofoil at small angle of attack, the first encounter of ''fresh'' water with the hydrofoil occurs close to the leading edge (see Fig. 4 ), so that, for growing angle of attack, or acceleration at fixed angle, the leading edge ''feels'' a flow-field based on a higher undisturbed speed. The suction force is thus instantaneously larger than that obtained for steady flow under the same conditions. The opposite is correct for decreasing angle of attack or deceleration. Evidence for this effect, which was only theoretically predicted in the past, has recently been obtained for wings in disturbed flow (Chen and Choa, 1999) . To see how this effect appears in periodic tail-fin oscillations, we now divide a full cycle of fin motion into four sectors, starting from the maximum sideways excursion of the tail, where the displacement is maximal but the angle of attack is zero. Sector 1 is the quarter cycle till the tail centroid crosses the fish centerline, i.e., zero displacement, at maximal angle of attack. Sector 2 defines the motion till the maximal excursion in the opposite direction, sector 3 is the return to the center and 4 the outward motion to the next maximal excursion.
The direction of the resultant will be less than 90Њ (i.e., tilted towards the direction of motion) for accelerating motion with increasing angle of attack, as obtained in sectors 1 and 3 of the beat cycle, and more than 90Њ for decelerating motion, as in sectors 2 and 4. This is very useful for the stability of forward swimming, as it causes the force vector to pass laterally closer to the center of mass of the fish, thus reducing the magnitude of the countering yawing moment required for straight line motion of the body. This effect is superimposed, however, on the better known Wagner effect previously discussed, (see eq.
(1)), which results in the initial unsteady aerodynamic forces being smaller than the steady state values for the same speed and angle of attack. Thus the average angle of tilt can be shown to be more than 90Њ, i.e., the forward tilt effect in sectors 1 and 3 is slightly smaller than the rearward tilt in sectors 2 and 4.
In sector 1 a destabilizing counterclockwise yawing moment is produced as the lift vector passes at a distance from the center of mass. The lift vector tilt described above thus helps reduce this moment. This reduction occurs, for the same reason, in the other sectors of the tailbeat oscillation cycle.
The yawing moment produced can be countered by one, or more of several means. First, the pectoral fins can be activated so as to produce a stronger thrust on the opposite side or alternatively, higher drag on the inboard side, thus producing a countering moment. This is used mainly in slow swimming as these motions cause an induced drag force, which then needs to be compensated for. In fast swimmers, the dorsal fin can be used to produce a countering moment, both these motions relying on the fact that while these fins are lesser thrust producers, the distance between the force trajectory and the center of mass is larger. Similar corrective actions are taken at the other 3 sectors. The differences mentioned above, between sectors 1 and 3 on the one hand, and sectors 2 and 4 on the other, are of an order of magnitude smaller than the main thrust force on the caudal fin. It will be an interesting challenge to develop an experiment to obtain this prediction experimentally in fish.
Turning
Standing turns and turning at low speeds in most species, both BCF and MPF (Median and Paired Fin) swimmers, can be defined by three stages (Weihs, 1972) . In the preparatory stage, a large deflection of the head in the direction of turn is made, in an essentially symmetric contraction with the tail motion. This is a good example of the problematics of using equations (2-3) for quantitative predictions when the body is flexible. In this maneuver, the anterior part of the fish has a counterclockwise yawing speed, while the posterior part has an opposing, clockwise velocity. Thus equations (2-3), in which specific values for the yawing speed are needed, has to be solved separately for each cross-section, using the local value for the yawing speed. In addition to the enormous complexity of the ensuing equations accuracy is lost by assuming that the varying yawing speed is piecewise constant.
In the first stage of the standing turn, the yawing moment stemming from the drag on the head, and the yawing moment produced by the tail motion cancel out. Thus, the basic yawing instability of the tail propulsor has been enhanced by the directed head movement, while requiring only negligible motion of the center of mass. The further stages of the standing turn are no longer of specific interest in terms of the sta- bility/maneuverability discussion and so will not be repeated here.
On the other hand, in turns performed during forward motion (Weihs, 1972 ) the head deflection results in increased drag due to the relative motion of the fish. The drag increment acts off the longitudinal centerline of the fish and produces a substantial yawing couple in the direction of turn. This drag force is opposite to the force produced by head deflection in the standing turn case, where the relative velocity was fully created by the head deflection. This is a typical use of the yawing instability of the head resulting from rear propulsion, mentioned in the previous section, to produce an initial turning motion using existing kinetic energy.
The pectorals are used differentially to produce additional yawing, especially in more rigid bodied BCF swimmers, but this again is not a motion driven by instability and so is not further considered here.
Rapid starting and acceleration
These two maneuvers can be compared to the standing vs. the moving turn discussed above. Looking at the standing start first, we see a first stage that is superficially similar to the first stage of turning. Here, however, the head motion is reactive, i.e., it is the result of the yawing motion inadvertently produced by the preparatory motion of the tail. As the purpose here is a rapid acceleration, head turning is not a primary requirement, even though it may be useful for escape purposes. It is well documented (Hertel, 1966; Weihs 1973; and others) that the angle between the initial and final orientation during the basic C start is proportional to the rate of acceleration, i.e., as mentioned above, it is a by-product of the yawing instability of BCF swimmers. Thus, the more unstable a fish is, the larger the angle obtained during a start of given acceleration. This may be useful for escape purposes, especially when the prey is much smaller than the predator, as the preferred escape maneuver is to get out of the original line of sight (Weihs and Webb, 1984) . The second stage of rapid starting is usually characterized by a strong tail beat with essentially straight line motion of the caudal fin, in a direction perpendicular to the new head orientation. This results in rapid acceleration in this new direction.
More complicated standing starting maneuvers (the S-start, etc.), are no different in terms of the stability/ maneuverability argument, and thus will not be discussed separately here.
Examining acceleration during rapid swimming, we see that tail beat amplitude is increased. At higher speeds, where the tail beat amplitude has reached its maximum, frequency is increased. No new stability issues arise, with the possible exception of the corrective actions by median fins required here to counter the head recoil motions that would otherwise increase drag due to the larger frontal area presented to the flow, and the resulting flow separations on the lee side.
Sudden stopping
In sudden stopping, all fins are extended to create maximum drag, and the passive head instability is used in many cases. In some cases, where the head orientation is important, this head deflection must be countered, thus reducing the maximum deceleration possible. No experimental data for this rather obvious statement was found, but it would be instructive to see how much energy is required to counter the head instability, by measuring differences in deceleration. This may be the simplest way of estimating the relative stability/ instability of different species of BCF swimmers.
One interesting issue, that has not attracted any attention, is the fact that turning, starting etc., are performed with no visible roll motions. As all of the experimental sequences checked, were taken in rather shallow cramped conditions, this might be an artifact, but anecdotal observations indicate that this situation occurs in midwater maneuvers also, when the volume of water available would be sufficient to allow vertical excursions. This may be a result of the large rolling resistance of the elliptical body shape, which developed as a propulsive advantage.
MPF (MEDIAN AND PAIRED FIN) SWIMMERS MPF swimmers are, as a general rule, more maneuverable than BCF swimmers, as the median and paired fins have to be bigger and produce larger forces than the same fins in BCF swimmers. The double role they play in producing thrust, and control forces also helps reduce the head instability mentioned previously for BCF swimmers. This is a consequence of the forces on the pectoral fins acting on a point which is forward of the center of mass and so they act as pulling thrusters. Even when the center of hydrodynamic force is somewhat to the rear of the center of mass, for example when the pectorals are tilted back, the lateral offset of the relatively large thrust forces can control the head instability easily.
In a recent analysis of boxfish swimming, (Gordon et. al., 2000; Hove et al., 2001 ) the roles of the pectoral fins, and the dorso-anal pair of fins, in promoting stability was studied. This group of fish face significant drag penalties when the body experiences either pitch or yaw due to their non-streamlined, rigid body, so that good stability characteristics are especially critical here. Figure 5 shows the application of moments produced by the two pairs of fins, due to their offset from the center of mass.
The boxfish apply two different gaits at low speeds. Hove et al. (2001) designated these as Pectoral anal dominant (PA) at lower speeds, and Anal/Dorsal Dominant (AD) at the higher speeds. We will address only the latter here. This gait covers most of the boxfish swimming range (1-5 BL/sec) and is characterized initially by use of the dorsal and anal fin beating in phase, added to in phase propulsive motions of the pectoral fins. At the lower speeds in this range, the main stability issue is pitch, and Figure 5 shows how this is controlled. As the swimming speed increases, the dorso-anal pair produces larger forces, which cause, due to the symmetric action, a periodic yawing moment. This is then corrected by a change in the motions of the pectorals to asymmetric motion, thus producing a periodic countering yawing moment to trim the fish in yaw.
Ostraciiform locomotion (Breder, 1926 ) includes many other interesting adaptations for stabilization, such as vortex producing keels (Bartol and Gordon, 2001) , which are, unfortunately, beyond the scope of the present paper.
A large proportion of fish species have developed compressed, elliptical body cross-sectional shapes. This is not an intuitive development from the hydrodynamical point of view, as the basic issue of minimizing drag for a given volume would result in a body of revolution. Thus, this adaptation must have had very significant advantages, to have reappeared so many times. One such advantage is clear from the use of the body as a propulsor, as the sideways oscillations of a vertically compressed body will produce much larger forces (Lighthill, 1970) but this also reduces rolling, which would, in turn induce yawing moments due to the difference in angle of attack on the pectorals and the angle of attack on the caudal and dorso-anal fins produced by rolling. Thus, vertical compression is a stabilizing development. It is conspicuously absent in cases where roll is either corrected by alternate means, as in boxfish, or is needed, as in marine mammals, that need good maneuverability in both the horizontal and vertical planes.
APPENDIX
A simple inviscid model for the growth of lift on an impulsively started thin fin (Wagner effect).
Take a thin flat plate of chord c, that is initially at rest. At a given time, which we define as t ϭ 0 it suddenly starts to move at speed U and angle (of attack) ␣ in water. At the starting instant t ϭ 0 ϩ , the flow has already a relative speed U, but has not yet moved along the fin. Viscosity has not started to affect the flow and so the only points at which vorticity can be produced is at sharp edges, i.e., the leading and trailing edges. The full vorticity is produced instantaneously (as the speed is the full speed U), and is represented by two discrete, counter-rotating vortices of strength ⌫ ϭ L ϱ /U, where L ϱ is the steady lift (see Fig. 3 ). This value is obtained from the fact that the lift in steady flow is represented (Robinson and Laurmann, 1956 ) by L ϭ ⌫U. The induced angle of attack is initially exactly one half of the steady (geometric) angle, so that the lift at the starting instant which is obtained from the aerodynamic angle of attack, which is the geo-metric angle ␣ less the induced angle, is also exactly half the steady lift. This is exactly the result obtained by Wagner. Next, we look at the change in lift with time, as it gradually attains the steady state. Again, this simple model allows a very good approximation, without recourse to the integral equation methods required for the exact solution.
In our model, the leading edge vortex gradually moves along the fin to its steady position at one quarter of the chord length, while the trailing edge vortex is convected downstream. No further vortices are produced, as the Kutta condition of equal velocity at the trailing edge (resulting from the viscous boundary layers on both sides of the fin bringing the local velocity to zero at both fin surfaces) does not permit further vortex shedding at the trailing edge. Writing the time dependent form of equation (A-4) , obtained by substituting c by d and substituting into the time dependent form of (A-2), we obtain w(t) c c Lϱ
The instantaneous time dependent lift coefficient can thus be written as
So that c c L ϭ 1 Ϫ (A-7) c 2d(t)
Lϱ
To find d(t) we need a model for the speed at which the two vortices move. Due to the modeling of viscosity, there are various possibilities, the simplest one being that the trailing edge vortex is swept downstream at a speed equal to the flow speed. Both this and another, assuming that the vortex speed approaches the freestream speed exponentially, were calculated, and results closely approximating Wagner's exact solution obtained (see Table A (Wagner, 1925) . It can be seen that both models give excellent results with extremely simple approximations. One noteworthy feature is that it takes a relatively long time for the lift to reach steady values, the trailing edge vortex having to travel over 5 chord lengths for the lift to be within 10% of steady values. Thus, for most oscillatory fin motions, steady-state lift is never obtained, and the steady state calculations presented in various studies in the literature are an overestimation of the actual force produced.
